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I. INTRODUCTION

When an amount of energy is deposited on a superconducting cable, the first
reaction is a local rise in temperature and a drop in critical current density. The
superconductor may not be able to carry all the operating current and part of it sees
a resistivity and sets up a potential along the cable. Further heat will be generated
with a further increase in temperature. This cascade can eventually lead to a quench,
unless this heat can be conducted away rapidly or sufficient cooling is provided. Thus,
a cable made up of purely superconducting material is highly unstable. A practical
superconducting cable contains many strands, each of which consists of a matrix of
superconducting filaments embedded in copper. Having a much lower resistivity than
superconductor in the normal phase, the copper will carry most of the excess current
and set up a much lower potential along the cable. As a result, the heat generation
will be very much reduced. Also, having a much higher thermal conductivity than
the superconducting material, the excess heat can be conducted away more efficiently
along the cable and to the surface of the cable to be cooled by the surrounding helium
bath. If the amount of energy deposited on the cable is small, the disturbance will
subside. On the other hand, if the amount of energy deposited is big, the disturbance
will grow along the cable and we have a quench.

There are two types of disturbances. A point disturbance is an amount of heat
deposited on a very short length of the cable. The quenching of the cable is caused
by the spreading of the disturbance. On the other hand, a distributed disturbance is
referred to as heat added rather uniformly on a big length of the cable. The effects
of the latter are generally well understood and should not cause any serious problems
if they are fully taken into account at the design stage. Here, we are dealing with
point disturbances only. We hope to compute the minimum amount of heat in a
point disturbance that will start a quench. Obviously, the amount of heat required to
quench a strand will depend on the copper-to-superconductor ratio in the strand, the
copper resistivity, the copper thermal conductivity, and the heat transfer coeflicient
at the strand’s surface. A knowledge of these dependencies will definitely be beneficial
to the design of a superconducting cable.

The above problem involves the solution of a time-dependent heat flow equation.
The result will depend critically on the initial condition or how the amount of heat is
deposited onto the cable, for example, the time duration of the heat deposition and
its distribution along the cable. The steady-state solution is much simpler. But it is
of not much help. This is because heat is constantly generated in the cable strand
and it takes a long time for an equilibrium steady state to establish. As a result,
the energy contained in the steady-state solution may be very much larger than the



energy in the original point disturbance and therefore does not reflect the minimum
energy required to start a quench at all. In the absence of surface cooling, nontrivial
steady-state solution does not even exist for an infinitely long one dimensional cable.

We have studied the time evolution of a concentrated disturbance. If the initial
energy of the disturbance is small, the disturbance temperature profile spreads out,
approaches a critical temperature profile slowly, and subsides eventually as shown in
Fig. 1(a). If the energy in the disturbance is big enough, the disturbance also spreads
out until it reaches a critical profile. After that, however, the temperature rises
everywhere resulting in a quench as shown in Fig 1(b). In both cases, no nontrivial
steady state has been reached. These results inspire us to study propagating solutions
instead. They are heated zones whose temperature grows at all points along the
cable. The propagating solution which contains the least energy is called the minimum
propagating zone (MPZ).! In Section III, these propagating zones are approximated
using the steady-state heat flow equation. We find that the energy in the approximate
MPZ gives the correct order-of-magnitude estimate to the minimum energy required
to cause a quench.

In Section II, we list and define all the input information required in the heat
flow equation. The results of the computation are discussed in Section IV. Finally, in
Section V, some remarks and conclusions are given.

II. INPUT INFORMATION

This computation was performed specially for the superconducting cable of the
Superconducting Super Collider (SSC) dipoles (the C358A Cross Section), although
it can be applied to other cable as well.? Some preliminary results have been reported
in Ref. 3.

II.1 Maximum magnetic field seen by cable

A strand of the C358A Cross Section cable has
radius ¢ = 0.404 mm
number of superconductor filaments N = 11000
copper-to-superconductor ratio r 1.3.

For the inner coil of the dipole, there are S = 23 strands in the cable which carry a
total operating current of I, & 6.5 kA at bath temperature 8, = 4.2 K. The magnetic
flux density By at the center of the beam pipe is given by

Bo = f(Iop)op- (2.1)



The maximum magnetic field Bpay seen by the cable is usually in the inner part of
the extreme bottom or top turn of the coil. It is related to By by

Buoax = m(Ip)Bo. (2.2)

In above, the transfer function f(I,,) and the maximum flux ratio m(I,,) depend, for
a magnet design, on the geometry of the coils, collars, and yoke, and the magnetic
properties of the materials. For C358A, they are supplied by Wanderer:*

1) = 1.1372 — 0.018617
T 14 0.045 exp(—0.00235I4) ’

m(I) = 1.0490 + 0.00107(f — 5.5) |1 — ¢~ 1.56(1 —5.5)]

where the current I is in kA.

I1.2 Thermodynamic surface for NbTi material

The maximum current that can flow in a superconducting cable of the C358A
Cross Section at temperature # with transverse magnetic flux density B in the super-
conducting phase has been measured by Morgan® and is given by

Pyu + Pyu® + P4u3) ( 1+ Pswv )

14+ Pyv 14 Po+ Pt (2.3)

where u = 6-4.2 in K, v = B—5.0 in teslas, P,,..., P = —0.35424, —0.023346,
0.0061392, —0.15335, —0.2108, 0.0065461, —0.016687, respectively, I.(SP) = 13.39 kA
is the critical current in the cable consisting of § = 23 strands at 4.2 K and 5.0 teslas.

1.(B,6) = L(SP) (1 +

The performance of superconducting wires usually falls short of what might have
been expected from the results on short samples of the material. This effect is known
as “coil degradation.” In Morgan’s measurement, the degradation was D ~ 0.05.
There, the critical current density of NbTi 1s

I.(B,0)

jo(B,8) = 3SA(I-D) " (2.4)

where A = wa? is the cross sectional area of a strand, and

1

A=
147

(2.5)

is the fraction of superconductor in the strand. Equation (2.4) is called the thermo-
dynamic surface of the NbTi material in the cable; it separates the superconducting
phase from the normal phase.



In operation, of course, all the current will flow in the superconductor filaments
only. The current density in the filaments j,, is therefore given by

Ly = ASAjop - (2.6)

As an example, at operation current I,, = 6.5 kA and copper-to-superconductor
ratio r = 1.3, jop = 1.27 x 10° A/m?. The magnetic flux density at the center of the
beam pipe is, from Eq. (2.1), B = 6.6015 T. Then, the maximum magnetic flux density
seen by the cable is, from Eq. (2.2), Byax = 6.9305 T. The thermodynamic curve, given
by Eq. (2.3) at Buay, separating the superconducting phase and the normal phase is
shown in Fig. 2. There, we have also plotted the point of operation at 8; = 4.2 K.
The eritical current density at 8 = 4.2 K is found to be j, = 1.71 x 10°(1—D) A/m?,
where D is the coil degradation.

I1.3 Heat generation

Below, we shall deal with the superconducting cable at maximum magnetic flux
density Bmax, because the critical current density is smallest there. When the tem-
perature is raised to 8 > 8, (Fig. 2), the critical current density j.(¢) = jc(Buax, 0) or
the maximum current density that can be carried by the NbTi in the superconducting
phase is less than jop. The leftover current AAljop — jo(6)] (for a strand) has to flow
either in the copper or the NbTi filaments in the normal state. However, since NbTi
in the normal state has a resistivity of p,, = 6.5 X 1077 Qm at ~7 T and 4.2 K, which
is very much bigger than that of copper pe, = 3 x 1071° Qm, nearly all of this leftover
will flow in the copper setting up along the strand an electric field

E= 2 palje~ 0] (2.7)

Of course, a tiny amount of the leftover current will flow in the NbTi filaments so
that the potential drop along the NbTi filaments will be the same as that along the
copper. The total current will now see a potential and heat will be generated. The
generation per unit volume is

G(6) = Mo (28)

where the factor A comes in because the total current is designed to flow in the
NbTi filaments only [see Eq. (2.5)]. Note that the heat generation is equal to the
total current but not just the leftover multiplied by the potential drop, because the
potential is experienced by the total current.

We now make the assumption that the thermodynamic curve separating the two
phases of NbTi in Fig. 2 is a straight line intercepting the temperature axis at 4.,
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which is the temperature above which NbTi becomes completely normal no matter
how small the current is. Then, the critical current density j.(8) can be expressed in
terms of the operation current density jo, by

. 95 - 9 .
JC(B) = 9—_5‘.701) ’ (2'9)
e g

and, from Egs. (2.7) and (2.8), the generation per unit volume becomes

Azpcujgp 6 — 99
1—X 8.—4,

G(8) = when 6. > § > 6,. (2.10)
Obviously, Eq. (2.10) will apply only when 8, < 8 < 8.. Above 8., NbTi is completely
in the normal phase and practically all the current will flow in the copper. The
generation will reach the maximum
)\2 " -2

G. = G(8) = 1’;{\13 when 8 > 6., (2.11)
and will not increase further at higher temperatures except for the temperature de-
pendence of p., on 6. The generation curve is plotted in Fig. 3.

I1.4 Surface cooling

The heat on the superconducting strand will be transferred across the surface of
the strand to adjacent strands or helium with a bath temperature of §;. The rate at
which heat is transferred per unit length is given by PH(8), where P is the perimetric
circumference of the strand. For a single strand, P = 27%a, where a is the radius of
the strand.

We assume that the cooling is proportional to the temperature difference between
the cable and the surrounding bath, or

H(9) = h(6 — 6) , (2.12)

where h is called the heat transfer coefficient and is assumed to be time and temper-
ature independent. For cooling by nucleate pool boiling of He, & ~ 5 x 10* wm™2K"!.
Usually, there is only about 5% of helium inside a composite cable, and this helium
does not flow very freely between the strands. In the situation of a disturbance in a
strand, the excess heat is mostly conducted to the adjacent strands rather than cooled
by the stagnant helium. The cable is wrapped around with a layer of insulation which
has a typical thickness of w ~ 50 to 250 pm and a typical thermal conductivity of



k ~ 5x 107 *wm™'K~!. This gives a surface heat transfer coefficient of b = k/w = 200
to 1000 wm~2K~!. Experimental measurement gives a value of h~1500 wm™2K™%.

As a result, it may not be suitable to talk about the surface cooling of one strand
alone. We may take the cable as a whole, which contains § = 32 strands arranged
in two rows. Area of cable is A ~ Sma?, whereas the perimetric circumference is
P ~ 4a(§/2 + 2). Therefore, roughly P/A ~ 2/ra. Each turn of the cable is piled
with the broad side one upon the other so that only the narrow sides, total length
8a, are in contact with liquid helium. Then, P/A ~ 8/Sma. We are not so sure
which value of P/A should be used. In the computation below, however, we shall use

P/A = 2/a. Results for other values of P/A can be obtained by scaling h.

I1.5 Electric resistivity of copper

The resistivity of copper is a function of temperature 8 and magnetic flux density
B. Tt also depends on the purity of copper. An experimental measurement gives for
bulk copper below ~ 10 K,

1
cu = (0.0032 B + === : % Qm 2.
peu(6, B) (0 0032 B + RRR) x 1.7 x 10 m (2.13)
where B is in tesla. The first term is called the magneto-resistivity and the residual
resistivity ratio (RRR) in the second term is a measure of copper purity. We note
that when Bpax ~ 7 T, magneto-resistivity will dominate when RRR 2 45.

I1.6 Thermal conductivity of copper

The thermal conductivity is related to its resistivity. For a fair approximation, it
obeys the Wiedemann-Franz law®

kpeu = Lob (2.14)

where the Lorentz number Ly = 7%k /3¢? = 2.45 x 107® wQK™? with kg the Boltz-
mann’s constant and e the electronic charge. Thus, the thermal conductivity is af-
fected by magnetic flux as well as purity. At low temperature, it is linear in 6.
However, in our computation below, we shall consider & as a constant for the sake of
simplicity and take & ~ 350 w/mK. This assumption is not so bad because, as shown
in Section IV.2 below, the temperature variation in the MPZ is ~ 2 K only.

The thermal conductivity of NbTi at cryogenic temperatures in a magnetic flux
density of 6 T is 0.1 w/mK, which is negligible compared with that of copper. There-
fore, in a strand, the heat generated in some portions of the superconducting filaments



is first transferred to the surrounding copper and then conducted away through the
copper. With copper content of {1—2) in the strand, the effective thermal conductiv-
ity longitudinally along the strand should be (1—X)k. This fact has not been taken
into account in Ref. 2.

I1.7 Specific heats of copper and NbTi
In computing the heat required to set up a heated zone, we take at §, =42 K

volume specific heat of Cu C,, = 1.6 x 10° j/m3K
volume specific heat of NbTi C,. = 6.8 x 10% ] /m3K

and assume that they vary according to 6 at cryogenic temperatures. For the copper-
NbTi complex, we can therefore define an effective specific heat

Cent(#) = [ACse + (1 — N)Cly] (eﬁ) : (2.15)

IIT. DERIVATION OF PROPAGATING ZONES

II1.1 The heat flow equation

We assume that the strand is narrow enough so that uniform thermal distribution
can be established easily across the strand. Thus, we need to study the temperature
profile along the strand in the z-direction only. The latter is determined by the
one-dimension heat flow equation

o8 0

08
Oeﬁ‘(e)AE =5

[k(l - )\)A@] + AG(6) — PH(H) , (3.1)
where A and P are the cross sectional area and perimetric circumference of the strand,
and G(#) and H(8) are the heat generation and surface cooling given by Egs. (2.10)
to {2.12). The factor (1—AX) on the right side reminds us that only the copper portion
of the strand will conduct heat with a thermal conductivity k.

In general, the heated temperature profile consists of three zones bounded by
z = z., 24, zp where the temperatures are at 8 = 6, §,, 6, respectively. Or

region 1: # > 6, constant generation Eq. (2.11) + surface cooling
region 2: 6. > 6 > 6, linear generation Eq. (2.10) + surface cooling
region 3: 8, > 6 > 6 only surface cooling



We now discuss the transience. For simplicity, the surface cooling term PH(8) is
dropped. When a concentrated disturbance occurs at 2 ~ 0, the first term on the right
of Eq. (3.1), i.e., the second derivative with respect to z, dominates as a result of the
concentration, and is negative at the center and positive at the edge. Therefore the
temperature at the center drops and that at the edges rises resulting in a spreading
out of the disturbance. As the spread progresses, the second derivative with respect
to space becomes smaller and the heating effect of the second term AG(#) becomes
more significant. Except near a steady state, equilibrium will be reached in regions 1
and 2 roughly in time of the order

40652’3
21— Ak’
where z, is the half width of the generation region (or z = z, when 8 = 6,). The deriva-
tion is given in Section I11.2 below. For I,, = 6.5 kA and copper-to-superconductor
ratio 1.3, 2, ~ 1.59 mm, or 7. ~ 30 ps. By equilibrium, we mean that heat genera-
tion is balanced by heat conduction at all points inside the regions with generation.
There are many equilibrium solutions just for regions 1 and 2. Which one the dis-
turbance will arrive at depends on the size of the initial disturbance. At this point,
the temperature profile continue to adjust itself so as to reach a steady-state solution
for all the three regions. If the energy in this temperature profile is small, it will
continue to flatten out and collapse eventually as shown in Fig. 1(a). If the energy
is too big, it will propagate outward with temperature rise at all points and diverge
as shown in Fig. 1(b). If the energy is just right, the temperature profile will reach
a nontrivial steady state, provided that such a steady state exists. In this case, the
the time to reach the steady-state profile will be infinite. The evolutions of the peak
temperature corresponding, respectively, to Fig. 1(a) and Fig. 1(b) are plotted in
Fig. 4(a) and Fig. 4(b). Alongside, the evolutions of the energy stored in the profiles
are also plotted. Here, in either Figs. 4(a) or 4(b), the time to reach the intermediate
equilibrium state is rather long. This is because this equilibrium state is very near
to the steady-state solution for the whole composite strand, which exists even with-
out surface cooling since a finite length of the strand (20 cm) has been used in the
numerical computation. Even if the intermediate temperature profile is not near a
steady state, a lot of the evolution time is spent in approaching it. For this reason,
this intermediate temperature profile is a critical temperature profile.

Te =

(3.2)

Does the critical temperature profile depend on the shape and width of the original
disturbance? The answer is yes, but not much if the original disturbance is sufficiently
concentrated. The reason is that the time taken to approach the critical temperature
profile is very much longer than the time taken by the disturbance to spread out,
as depicted in Figs. 4(a) and (b). In fact, assuming a narrow gaussian disturbance,



the rate at which the peak temperature drops is df,/dt —9;5. Therefore, if the
disturbance is made more concentrated, the amount of heat generated during this
additional spread-out time will be extremely small. For example, we have reduced
the widths of the disturbances in Figs. 1(a) and (b) from 0.2 mm by 10 times and
100 times but keeping the energy constant. The changes in energies of the correspond-
ing critical temperature files are extremely small. We have also changed the shape of
the disturbance from a gaussian to the shape of a cosine. But essentially the same
critical temperature profile is reached. This leads us to believe that if we trace each
critical temperature profile backward in time, the energy of the disturbance should
tend to a limit when the width of the disturbance goes to zero.

Thus, for a point deposition of a certain energy, there exists a unique critical
temperature profile which is in equilibrium in the regions with generation. This
critical temperature profile determines whether the future evolution will diverge or
subside. In the case of future divergence, this critical temperature profile is called a
critical propagating temperature profile or zone. A family of such critical propagating
temperature profiles are therefore generated by varying the initial energy deposition.
Each critical propagating temperature profile contains a certain amount of energy.
If we start from a point disturbance of a high energy, the energy in the resulting
propagating profile will definitely be large. On the other hand, the energy of the
propagating profile is also large if we start from a point disturbance with a relatively
low energy. This is because this critical prpagating profile becomes very near to
the steady-state solution. It takes a long time for the disturbance to approach the
profile, and a lot of heat will be generated in the process. Thus, in between there
should be a critical propagating profile which contains the least amount of energy,
and this critical propagating profile is defined as the minimum propagating zone
(MPZ) corresponding to an initial point deposition. The time evolutions of the peak
temperature and energy of the point deposition corresponding to the MPZ are shown
in Fig. 5. The temperature profile of the MPZ is shown in Fig. 7 in dashes.

We would like to point out that our definition of MPZ is quite different from the
usual one.! Usually, one defines the MPZ as the steady-state solution and the energy
is taken as the energy stored in the generation region only, t.e., for z < |z,|, but not
the total energy in the solution, because the latter may go to infinity for a cable of
infinite length. A MPZ defined in this way will depend critically on the amount of
surface cooling. It will be shown in Section IV.5 below that heat removal through
surface cooling is very much slower than through copper conduction. But without
cooling, there will not be any nontrivial steady state for a one-dimensional strand of
infinite length, and a MPZ cannot be defined. Therefore, we think our definition of
the MPZ is much better.



111.2 Propagating solutions

The exact analytic solution of the time dependent heat flow equation appears to
be out of the question, because the equation is not linear. Thus, we need to follow the
time evolution numerically to see whether a certain energy of point deposition will
cause a quench. This has to be done many times until the minimum energy required to
start a quench can be determined. This process is undoubtedly very time consuming,.
Another way is to derive the MPZ mentioned above. The energy it contains will give
roughly the minimum energy to start a quench. This is because the evolution time
~ T, from the initial point deposition to the MPZ is not too big and the heat generated
during the evolution will not be too big also. Unfortunately, exact analytic solutions
for the above mentioned propagating zones also appear impossible. Instead, we try
to look for simple analytic solutions that can approximate these propagating zones.
These approximate solution must grow at all points along the cable strand as time
evolves, or it must propagate outward and diverge. From the previous subsection,
we know that the exact propagating profiles are in equilibrium in regions 1 and 2.
Therefore the approximate solutions that we are looking for can be constructed from
solving the steady-stete heat flow equation with the temperature gradient continuous
everywhere except at the point & = 6, or the very edge of the zone. One of these
solutions is shown in Fig. 6. Since this solution satisfles the steady-state heat flow
equation everywhere except at the end points, temperature will rise only at these
points. As time evolves, the temperature rise at the end points will spread out and
there will be a gradual temperature rise at all points. This is demonstrated in Fig. 6
by the dashed curves. Therefore, this solution constitutes a propagating zone.

Let us solve for such a solution analytically under the simple situation that the
temperature does not exceed 8, and there is no surface cooling. Then, there are only
regions 2 and 3. The solution in region 2 is

6 —0, = (6, —8;)cosaz, (3.3)
where 6, is the peak temperature,

2 G'

O = m y (34)
and from Eq. (2.10),
A2 Pcuj2
r_ op
Gml—)\ﬁc—t?g' (3.5)
The boundary of region 2,
T
g = "2_0; ) (36)



can be obtained easily from Eq. (3.3). Taking only the conduction term in Eq. (3.1)
and using the temperature profile of Eq. (3.3), the equilibrium time 7. of Eq. (3.2)
can be derived readily.

Matching 8 and d8/dz at z = z,, the solution in region 3 is found to be
0— 8, =—a(bp—8,)(z — z,) . (3.7)

The edge of region 3 or the end of the zone is therefore given by
8, — o

z0=zg—|—a(

We note that there is a free parameter 8, in our solution. This is because the con-
tinuity of the temperature gradient has not been enforced at z = zp. As a result, there
are infinitely many propagating zones. When the peak temperature exceeds ., there
are three regions in the propagating zone and therefore 6 constants of integration.
By matching the temperature and temperature gradients at & = 6, and 6, and also
demanding that the temperature gradient should vanish at the center of the heated
zone where z = 0 (but not at z = z), only 5 of the constants can be determined.
Thus, there are also infinitely many solutions. We try to pick out the solution that
contains the minimum energy and define it as the MPZ in our approximation. Fig-
ure 7 compares the exact MPZ obtained numerically with the approximate one given
by Eqs. (3.3) and (3.7) when I,; = 6.5 kA. We see that the two temperature profiles
agree very well in the generation region (8 > 6,). Because they differ when € < 8,
the energy contained in our approximate MPZ is actually smaller.

IT1.3 Conditions for no solution

In order to obtain the solution for the MPZ, there is a free parameter to vary.
It will be nice to know when the solution does not exist so that a possible range of
search can be assigned to the parameter.

If the operating current I, is too big so that the NbTi filaments will not be able
to carry all the current at bath temperature, or 6, < 8y, heat generation will occur
everywhere along the cable. Obviously no stable solution involving finite energy will
exist. In fact, no such operation should be designed.

On the other hand, if surface cooling is big enough, no stable heated zone can
be established either, because any heat deposited onto the strand will be absorbed
completely by the bath at the surface of the strand. Of course, here we imply that the
rate at which energy is added should be sufficiently slow so that a steady state can be
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reached at any moment and also that the bath temperature 6, is always maintained.
This criterion can be established mathematically.

We recall that a heated zone with temperature decaying exponentially to the
bath temperature in the z-direction requires a maximum amount of energy to set
up. Therefore, the strand has zero temperature gradient at the zp = co end. The
temperature gradient at z = 0 is also zero. Thus, the equal-area theorem® applies
(see Appendix for a derivation). The theorem says that this particular stable solution,
which corresponds to the maximum energy, exists when the two shaded areas in Fig. 8
are equal. If surface cooling is further increased, no stable solution will exist. In our
computation, where the surface cooling of Eq. (2.12) and heat generation of Egs. (2.10)
and (2.11) are assumed, this occurs exactly when

8, — 0, <0, — 0, (3.9)

where 8, is the peak temperature of the heated zone at z = 0, which is determined by
the intersection between the cooling and generation curves. Therefore, Eq. (3.2) can
be considered as the criterion for safe operation, usually known as cryogenic stability,
because no heated zone can be established provided that transient effects can be
neglected. However, it should not be mistaken as an operation criterion because a
MPZ exists even if the peak temperature 8, is higher than that given by Eq. (3.2).
In fact, a MPZ exists even if there is no surface cooling.

I111.4 Method of solution

The steady-state heat flow equation is first solved by assuming that there are only
two regions in the heated propagating zone: the region with linear generation when
6 > 8, and the region with no generation when 8, > 8 > §;. By assuming that the
thermal conductivity of copper is temperature independent, this temperature profile
along the cable can be found easily. The energy stored in this heated zone is next
computed according to

a0 8(=z)
€= ] dz f(} df AC.(6) (3.10)

and then minimized. In Eq. (3.10), Ceg is the effective volume specific heat of the
strand given by Eq. (2.15), A is the cross-sectional area of the strand, and 6(z) is
the temperature profile of the MPZ. The maximum temperature 8, is calculated and
compared with the critical temperature 6.. If §, < 6., the solution constitutes the
MPZ. On the other hand, if 8, > 6., the computation has not been correct, because
the generation should not increase further after 8.. The computation is then redone by
taking into account three regions: 6 > 6., 8. > 6 > 8,, and 8, > € > 8,. Throughout
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the computation, a coil degradation of D = 5% has been assumed. This implies
that the temperature 8, is derived by equating the critical current density j.(6,) to

jop/(l - D)'
IV. RESULTS OF COMPUTATION

IV.1 Energy stored in MPZ

The energy required to set up a MPZ for C358A at bath temperature 5 = 4.2 K is
shown in Fig. 9(a) as a function of fraction of superconductor in the strand A. Here,
no surface cooling has been assumed and a RRR =100 for the copper conductivity
has been taken. The energy for each operating current exhibits a maximum at some
A. This is expected. The energy required to quench the cable will go to zero when
A — 1, because there is not enough the spill-over current and to conduct the heat.
It will also go to zero at some small A corresponding to the critical temperature 6,,
where there will not be enough superconductor to carry the current. For a higher
operating current, the temperature ¢, is reached at a higher A. The energy curve is
therefore pushed towards the higher-X side for larger current. The maximum will be
shifted to larger A. This is evident in Fig. 9(a). For I, = 7.5 kA, the maximum
energy is 2.79 uJ at A = 0.76. If I, is reduced to 5 kA, the maximum energy shoots
up to 38.2 pJ at A = 0.50, because the point of operation is now much farther away
from the thermodynamic surface and more energy will be needed to quench the cable.
At I, = 6.5 kA, the maximum is 10.41 uJ corresponding to A = 0.63. Figure 10 plots
the maximum of the energy curve and the A position for different operating currents.
Figure 9(b) shows the same computation as is done in Fig. 9(a) but at 8, = 4.3 K.
The energy curves are roughly the same, but their values are smaller.

IV.2 Temperature excursion

The temperature excursions, 8, —6&, of the MPZ’s for bath temperatures 8, = 4.2
and 4.3 K are shown respectively in Figs. 11(a) and 11(b). Again, RRR =100 has
been assumed and no surface cooling has been included. The peak temperature rises
as A increases. This 1s due to the fact that there is less copper to carry the spill-over
current so that a higher electric field is set up along the cable resulting in more heat
generation. Also, heat conduction along the one-dimension cable is less efficient with
less copper. The temperature excursion is less than 2.5 K even at A = 1.

We see that there is a kink in the 5.0 kA curve, the 5.5 kA curve, and the 6.0 kA
curve. The low-A side of the kink represents MPZ’s with only two regions or 8, < 8..
The high-X side represents MPZ’s with three regions or 8, > 6.. For the 6.5 kA,
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7.0 kA, and 7.5 kA curves, there are no kinks and they correspond to MPZ’s with
two regions only. We notice that for the three-region MPZ’s, the peak temperature
6, is nearly independent of A. In fact, the peak temperature 8, of a MPZ just barely
exceeds the critical temperature €, in the central region where NbTi is completely
normal.

IV.3 Length of MPZ

The half lengths of the MPZ’s are plotted in Figs. 12(a) and 12(b) respectively
for 8, = 4.2 and 4.3 K as a function of A\. Again, RRR =100 has been assumed and
no surface cooling has been included. The MPZ is set up by the balance between
heat generation in the superconductor and heat conduction in the copper. With more
copper, therefore, a longer MPZ can be established. As is shown in Fig. 12, the half
length of the MPZ is linear with (1—X}, the fraction of copper in the strand, and go to
zero when there is no copper. The half length is smaller when the bath temperature
changes from 4.2 to 4.3 K, but not by very much. However, it does change by very
much with the operating current. This is because at lower I, the point of operation
is farther away from the thermodynamic surface and more energy can be stored in the
MPZ. As a result, the MPZ can spread out over a bigger region resulting in a longer
half length. The kinks that separate the two-region MPZ’s from the three-region
MPZ’s are visible for the 5.0 kA, 5.5 kA, and 6.0 kA curves.

The energy of the MPZ per unit length is plotted in Fig. 13. This plot is meaningful
because in some cases the MPZ is rather long and of the order of a few mm.

IV.4 Effect of RRR

As is evident from Egs. (2.10) and (2.11), heat generation is linearly proportional
to the resistivity of copper in the cable complex. However, the resistivity of copper
arises from two contributions at cryogenic temperatures. As is shown in Eq. (2.13),
there is the magneto-resistivity proportional to the magnetic flux density B and the
resistivity due to impurities. Although the latter can be reduced by improving copper
purity (having a higher RRR), when Bmax ~ 7.0 T the impurity corresponding to
RRR = 45 gives roughly the same contribution as the magneto-resistivity. Increasing
copper purity, for example to RRR = 100 will decrease copper resistivity by a factor of
~0.725. As given by Eq. (3.6), the length of the heated region is inversely proportional
to @ or p1/2. Thus, the heat content of the MPZ is roughly proportional to pl/? and is
therefore increased by a factor of ~1.20. Here, we have assumed that the temperature
of the heated zone is not much higher than 6, and is roughly independent of p,,,.
Note that even if the copper is 100% pure so that RRR = oc, the heat content of the
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MPZ will be increased by only v/2 compared with RRR = 45 according to our rough
estimation.

The energy contained in the MPZ’s at operating current I, = 6.5 kA and bath
temperature 6y = 4.2 K without surface cooling is shown in Fig. 14 as a function of
fraction of superconductor A for various values of RRR. Clearly the energy increases
with RRR or copper purity, but the increase becomes much slower and the energy
tends to a limit when RRR 2 50 as predicted. The dependence on X is not affected
by the value of RRR.

IV.5 Effect of thermal conductivity

As was discussed in the previous section, thermal conductivity of copper k is the
main ingredient counteracting heat generation so that a MPZ can be established.
The larger k is, the faster an equilibrium can be reached. With a higher efficiency
of heat removal, the MPZ can therefore contain more energy. This dependence on
k is illustrated in Fig. 15 We see that the fraction of superconductor correspond-
ing to maximum energy remains at A ~ 0.63 and does not change with the copper
conduectivity.

IV.6 Surface cooling

Surface cooling is next introduced and the effect is shown in Fig. 16 at bath
temperature 8; = 4.2 K, operating current I,, = 6.5 kA, and RRR= 100. The
perimeter-to-area ratio has been taken as P/A = 2/a, where a is the radius of one
strand. The heat transfer coeflicient has been varied from A = 0 to 50000 wm™2K~!.
We see that the effect of surface cooling is hardly visible when A is less than ~
1000 wm™2K~1, Even when A rises to 1 x 10* wm~2K~!, the increase in encrgy
contained in the MPZ is still rather small. As was stated in Section I1.4, the surface
cooling coefficient for one strand in the cable is not known. However, the cable itself
is wrapped by a layer of insulation and is not directly in contact with liquid helium.
The effective surface heat transfer coefficient is A = 200 to 1000 wm™2K™}. Also the
ratio P/A is not known. If we take P/A = 2/7a instead, the h = 1000 wm=2K™?
curve in Fig. 16 corresponds, in fact, to A = 3142 wm*K~'. Thus, for this cable,
surface cooling is not an essential effect in determining the minimum energy required
to cause a quench, nor in determining the optimized copper-to-superconductor ratio.

The insensitivity of surface cooling can be understood by comparing the cooling
effect with heat conduction along the cable making use of the the time-dependent
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heat flow equation (3.1). A characteristic surface cooling time of
Ceﬂ'A ~ C'eﬁ'a
hRP — 2h

can be defined, where a is the radius of the strand, A = wa? is the cross sectional
area, and P ~ 2ma is the perimetric circurnference.

(4.1)

Th =

We can also define a heat conduction characteristic time for the generation region
of the propagating zone, which is just 7. defined in Eq. (3.2). Taking z, = 1.6 mm
(see Table I}, a = 0.404 mm, r = 1.3 (A = 0.435), and k& = 350 w/mK, the ratio of
the two characteristic times
(1= Aak
7. 8hz?
is found to be 39, 7.7, and 3.9 when A = 1000, 5000, and 10000 wm*K~!. Thus,

for h < 1000 wm™2K™!, it takes at least ~ 39 times longer for heat in the generation
region to be transferred through surface cooling than by heat conduction along the

(4.2)

cable through the copper when the propagating zone starts propagating.

We notice from Fig. 16 that when h is big enough, the energy curve diverges as
A decreases. This is expected. Decreasing A implies the introduction of more copper.
The smaller fraction of superconductor will increase the operating current density and
therefore lower 6,. The slope of the generation also becomes less steep. Eventually
the equal-area criterion of Eq. (3.9) will be met and no stable solution exists. Further
decrease in A will result in the generation slope less than the surface-cooling slope.
Therefore, when £ is large enough, no solution will exist on the low-A side. This is
just the area discussed in Section II1.3 where no solution exists.

V. CONCLUSIONS AND DISCUSSIONS
V.1 Choice of best parameters for cable construction

From our computation results, we can draw some conclusions on the choice of
parameters for cable construction.

In order to have a higher energy for the MPZ, we should choose the copper with
the lowest electric resistivity pe, and the highest thermal conductivity k. However,
the lowest p., is dominated by the magneto-resistivity pmasg which increases linearly
with the magnetic flux density B in which the cable is immersed. Economically, it is
unwise to choose copper so pure that the RRR is very much larger than 1/py,,. The
thermal conductivity is inversely proportional to p, according to Eq. (2.14), and is
therefore bounded by the contribution of pmpag.
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The superconducting strand will be much more stable for a high surface heat
transfer coeflicient k. However, for a cable with the conductor not in direct contact
with liquid helium, A is usually assumed small and the cooling effect is not noticeable.
However, this does not imply that the liquid helium is not important and we can do
away with it. Although we find out that the heat in a disturbance or a propagating
zone is conducted away along the copper much faster than removed at the surface, the
heat conducted away along the copper has to be cooled eventually by the surrounding
helium. Also, a surrounding heat bath of a fixed temperature has been assumed
throughout the computation. Without the helium circulating at a certain speed, such
a bath will not be possible.

The best choice for copper-to-superconductor ratio r is where the energy contained
in the MPZ is largest. We see from above that this value of r i1s not sensitive to
variations in the electric resistivity and thermal conductivity of copper. It also does
not rely very much on the surface heat transfer coefficient & when b is comparably
small. It is also not sensitive to variation of the degradation from 0% to 10%. It
only depends on the choice of the operating current I, at a fixed bath temperature.
Thus, at I,, = 6.5 kA, the best choice for copper-to-superconductor ratio appears
to be r = 0.59 corresponding to A = 0.63. Unfortunately, this ratio 1s far from the
1.3 employed in the C358A Cross Section. However, this is just the average ratio.
If we examine the cross section of a strand, we find that the NbTi filaments are not
distributed uniformly. Instead, we find a copper core of radius ~ 0.085 mm, then
an annular band extending out to radius ~0.325 mm containing a matrix of NbTi
and copper, and finally a copper jacket up a radius 0.404 mm. Inside the annular
band, the superconductor filaments are very closely packed. The filaments have a
diameter of ~ 5 pm but the spacing between filaments is only ~ 0.5 pym. There
is some argument that, the mean-free-path of electrons at cryogenic temperatures is
bigger than 0.5 pm, so that the copper in between the filaments may not contribute to
thermal conductivity and electrical conductivity. Counting only the interior core and
the exterior jacket, the copper-to-superconductor ratio reduces to only 0.91. On the
other hand, if we count only the copper in the annular band, the ratio becomes 0.39.
Also, there may be some technical reasons that restrict the choice of this ratio. For
example, it is impossible to maintain a uniform cross section in fabricating a strand
composite with r < 1. If the effective copper-to-superconductor ratio of C358A is
indeed less than 1.3, the thermodynamic phase curve of Eq. (2.4) assumed in our
computation will be altered. This will change the critical current density at each
temperature and therefore also the temperature 6, above which power generation
begins. It is possible that a different optimum copper content will result.
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V.2 Energy of point disturbance required to quench the cable

Our MPZ has a typical half width of zp ~ 3.3 mm. If the point disturbance
has a half width of ~ 3.3 mm, the energy of the MPZ will be the minimum energy
of the disturbance required to generate a quench. However, in many cases a point
disturbance can have a half width that is very much smaller than ~ 3.3 mm. It will
take a finite amount of time, of the order of 7., for the disturbance to spread out to the
critical temperature profile corresponding to our MPZ. Heat will be generated during
this time interval. Therefore, the energy of our MPZ will only be an upper bound of
the energy of the original disturbance. We would like to estimate the amount of this
heat generated.

Again, let us neglect surface cooling and assume that € < 8.. Integrating the heat
flow equation (3.1) along the cable strand, we get for the rate of change of energy &,
© Al ez -6, (5.1)
dt ~zg
Here, no assumption about the profile in the non-generating region is necessary. As
a narrow disturbance spreads to the critical temperature profile, the initial rate of
drop of the peak temperature 8, is very fast as is evident from Figs. 5 and 7. For
a gaussian initial disturbance, initially d6,/d¢ « —65. Most of the time is actually
spent in approaching the critical temperature profile. Therefore, Eq. (5.1) can be
approximated using Eq. (3.3) as the temperature profile, and we obtain

dE  2AG'(6,—8,)

Py - (5.2)
The time spent in approaching the critical profile is of the order
4Ceffz§
Te = m . (53)

Therefore, the amount of heat generated in spreading out to the critical temperature

profile is of the order

A& 2ACe(8p, ~ b,)
A€ praCh ” ) (5.4)

where the relation

:_ G

T (1=Mk
has been used. For I, = 6.5 kA and copper-to-superconductor ratio 1.3, we get from
Table I 8, = 4.889 K, 6. = 6.107 K, and 6, = 4.630 K. We evaluate C.g at 6,. The

o (5.5)
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final result is A€ ~ 1.6 pJ. The computed MPZ has an energy of 6.23 pJ. An actual
sitnulation of the time evolution results in 4.1 uJ for the minimum energy of a narrow
disturbance required to start a quench, which is not much different from the difference
between 6.23 uJ and 1.6 ©J. But this agreement should not be taken too seriously
because our estimation of A€ has been crude. For comparison, we note from Fig. 7
that the ezact MPZ computed numerically has an energy content of 7.57 pJ, and from
Fig. 5 that it takes ~ 50 us for the point disturbance to approach the MPZ. In any
case, we can conclude that the energy of our approximate MPZ does give the right
order of magnitude for the minimum point energy required to start a quench.

V.3 Contribution of flux jumping

NbTi, being a type II superconductor, can admit magnetic flux. However, the
flux penetration is limited by the screening currents which flow with critical current
density j.. As the temperature rises, j. decreases and more magnetic flux penetrates,
thus the energy stored in the superconductor is increased. This effect is known as flux
jumping. In this subsection, we are going to show that compared with the minimum
energy to start a quench, the energy contribution due to flux jumping is of the same
order of magnitude.

For convenience, let us approximate the cylindrical superconductor filament by
one having a rectangular cross section 2w x h. A coordinate system is set up with
the filament running in the y-direction and the side of width 2w in the z-direction
as shown in Fig. 17. The external magnetic flux density By is perpendicular to the
filament and is in the 2-direction. We assuine the critical-state model, which states
that all regions of the superconductor are carrying either currents at j. or no current
at all. Thus, there is current of density ;. flowing in the positive y-direction from

r = —w to —wf and current of density j. flowing in the negative y-direction from
—~wf to w, so that the net effect is a current of average density
j op — ﬁJc (5.6)

flowing in the negative y-direction. The magnetic flux distribution inside the filament
is given by Ampere’s law

d .
< Bua(e) = Frile (57)
where L and R denote left and right of the point * = —wf, and po = 47 %

1077 henry/m is the magnetic susceptibility of free space. Integrating Eq. {5.7),
we get

{ Br(z) = Bew+ pofo(z —w +wh), (5.8)

BL(;B) = Bext_#ojc(fc“['w'f'wﬁ).
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The constants of integration have been so chosen that

BR —w) 4+ _BL W)= ZBex ;
{ (—w) + Bi(w) t (5.9)
Br(—wf) = Br(—wp) .
The energy of the magnetic flux for a length £ of the filament at operation is
he —wi w
£,y = l / B (z)dz + j B};(x)da;] . (5.10)
2#@ —w —wf3

When the superconductor becomes normal, we assume that all the current is displaced
to the copper and the external magnetic flux penetrates completely. The magnetic
energy becomes

he 9
Enorm = 5-- |2wBZ, (5.11)
The increase in energy due to flux jumping is therefore
AE = Enorm — Eop - (5.12)
With the help of Egs. (5.8) to (5.11), we get
1
AE = hljaw® | Bex(l — %) — E#Ojcw] , (5.13)

where the second term in the square brackets is small and can be neglected. At
Bext = 6.6 T, j. = 1.62x10° A/m? with 5% degradation. With jo, = 1.27x 10° A/m?,
B = 0.78. We also assume w = 2.5 pm, the radius of the filament. This leads
to AE = 0.026hf J. For a whole strand composite, we multiply by AA/2wh, where
A = 1/2.3 is the fraction of superconductor and A = 5.13 x 1077 m? is the cross
sectional area of the strand. Then, the energy contribution of flux jumping becomes
A€ = 1.2 pJ/mm. Thus, the effect of Aux jumping is of the same order as the heat
content of the MPZ. This effect should be included in a more complete analysis.

V.4 Linearity of heat generation
The heat generation per unit volume given by Eq. (2.10) is linear with the tem-
perature . In this section, we would like to investigate the validity of this expression.

Three assumptions have been made in deriving Eq. (2.10). First, we assume that
the temperature distribution in the strand is uniform transversely. This is true for
the copper but not the NbTi filaments, because NbTi is a poor thermal conductor. If
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the temperature does not change too rapidly during a heat generation, we can write
a steady-state local heat balance equation®

6. — 8

1{ dé . .
— ksc; (T—) = E]c(e) = E]c(gn)m N

ye (5.14)

where r is the radial distance from the center of a NbTi filament, k&, is the conductivity
of NbTi, 6, is the temperature of the surrounding copper, F is the electric field set
up by the spill-over current and is given by Eq. (2.7) with j. replaced by jeqs, the
average current density across the filament. The radial temperature profile can be
easily found to be

Ig(ar/ro)l
(r)y=0.+ 8. —6,) |1 — ————| , 5.15
(1) =+ 0~ ) [1 - B (5.15)
where r¢ the radius of the NbTi filament and
a\? _ Ejd8)

(ro) = Flb—67) (5.16)
The mean current density over the filament can then be computed,

.. 26(a)

Jeav = JC(Bn)O.’IQ(O!) , (5.17)

where Iy and I; are modified Bessel functions of the first kind. Using Eqgs. (2.8), (2.9),
and (5.17), the power generation of Eq. (2.10) is now modified to

.

Since « depends on 8, the generation in Eq. (5.18) is no longer linear. Next we wish
to solve for a and determine the nonlinearity. We define a characteristic length

k(1 — X)(6. - 6,)

d* = il , (5.19)
ewd op
in terms of which, a in Eq. (5.16) can be rewritten as
r G(6,
‘= é, ) (5.20)

Now the generation can be obtained from Eqs. (5.18) and (5.20) by eliminating «. The
result is shown in Fig. 18 for various values of (ro/d)?. For the C358A cable, there are
N = 11000 filaments in a strand corresponding to a filament radius of rg ~ 0.25 pm.
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If we take ks, = 0.1 w/mK, p., = 3 x 107'° Qm, copper-to-superconductor ratio =
1.3, and operating current I, = 6.5 kA, we get

2
r2  0.025
_—= -21
e 6.2, (5.21)

or 0.017 with §,—6, = 1.48 K from our computation. Thus, according to Fig. 18,
the effect of nonuniform transverse temperature across the NbTi filaments to the
nonlinearity of the generation curve is minimal.

Second, the thermodynamic curve that separates the superconducting phase and
normal phase of NbTi at a fixed magnetic flux density has been assumed to be a
straight line. We can see from Fig. 2 that this thermodynamic curve is almost but
not exactly straight. In our computation, we draw a tangent to the thermodynamic
curve at the point (jop, 8,) and call 8, the point of intersection between the tangent
and the #-axis. Our general results in Table I show that there is only a small variation
in 6, for different copper-to-superconductor ratios for each fixed operating current I,
or fixed maximum magnetic flux density Bya.c. The straight line assumption of the
thermodynamic curve appears to be quite good.

Third, the resistivity of cable as a whole is assumed to follow (jop/7.)* withn = co
when jop > jo. In fact, experimental measurement reveals that n ~ 20 to 30. The
absence of a sharp critical current density is believed due to the nonuniformity of the
superconductor filaments inside the cable. In other words, each filament may have
a slightly different critical current density at a given temperature and magnetic flux
density. As a result, the generation curve will start to rise from 8, with a high-power
dependence on temperature. Effectively, this phenomenon increases j., 84, and 8., if
we continue to assume an approximate linear generation curve. The minimum energy
to start a quench can be increased® by ~ 50%. The optimum copper-to-superconductor
ratio may also be affected.
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APPENDIX

The one-dimension heat flow equation, Eq. (3.1) with the time-dependent term
deleted, can be solved exactly if we transform it into

ds? PH(8)
— = 2k(®) {—A — G(ﬂ)] (A.1)
by defining 0
S(6) = k(¥)+ (A.2)
so that

dS dSdé 1 ds?

dz  d0dz 2k df -
Consider a one dimension rod with temperature 6, at one end and temperature 8, at
the other end. If the temperature gradients are zero at both ends, then the integration

of Eq. {A.1) gives
v f 0 lw - G(G)} ~0 (A.4)
9o A B )

implying equal area under the cooling and heat generation curves when multiplied by
k(#). Note that if 6, is the bath temperature, usually PH = GA there because PH
and G A vanish separately. However, PH need not equal GA at the high-temperature
end, because, in general, the divergence of the temperature gradient does not vanish
there, when surface cooling is present. Therefore, 8, need not be the intersection of
the heating and cooling curves, and the equal-area theorem can imply something like
Fig. 19. The equal-area theorem fails when the zone is of finite length. This is because
the temperature gradient at the end of the zone will not vanish and is balanced by
heat conduction instead. Thus, the equal-area theorem, although simple, does not
really provide us with a stability criterion for the SSC dipole cable.

(A.3)
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Fig. 1. Time evolution of a gaussian point disturbance. The disturbance
spreads out initially and then approaches a critical temperature profile
slowly. After that (a) the critical temperature profile subsides if the initial
energy deposition is small. (b) The critical temperature profile diverges if
the initial energy deposition is big.
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Fig. 2. Thermodynamic curve separating the superconducting phase from

the normal phase. No degradation is assumed.
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Peak Temperature in X

Peak Temperature in K

6.0

5.5

Peak = 6.54 K

Sigma = 0.200 mm
Energy = 4.1861E-6J
T_ec=811K

T.g ~ 463K

| I S | I i3 | t | | B I | | T | i Y I U I 1 1 L1 O

40

— 30

(7 ur saueqJnysiq Jo A31aug

4.0
] 50 100 150 200 250 300
Time Evoluticn in us
60 T T T T I T T T T T T T T T ] T T " T T T T | T T ¥ 40
" Peak = 6.55 K (A
Sigma = 0.200 mm / ]
Energy = 4.189E-6 } / ]
T.c = 6.11 K / .
55 H- T_g = 463K / — 30
B
/ ] &
» / | é
| / “ e
- / . =)
- 7 ] &
5.0 y 20 5
= / A g
- Vi . g
N PR i "
. - i =
4.5 |- - — 10
4‘0 11 1 l 1 1 L.} l 3 1 1 i J 1 1 1 i f [l 1 L.l I 1 1 1 L 0
0 50 100 150 200 250 300

Tirme Evolution in us

Fig. 4. Time evolutions of peak temperature and energy for a point dis-
turbance. The subsiding of the disturbance in (a) corresponds to the
temperature profiles shown in Fig. 1(a). The divergence of the distur-
bance in (b) corresponds to the temperature profiles shown in Fig. 1(b).
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Fig. 5. Time evolutions of peak temperature and energy of the point dis-
turbance that develops into the MPZ.
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Fig. 7. Comparison of the ezact numerically computed MPZ (dashes) and
our approximate MPZ (solid).
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Fig. 8. A stable solution implied by the equal-area theorem. Note that
the two shaded areas are equal.
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Fig. 9. Energy stored in MPZ with bath temperature (a) 4.2 K and
(b) 4.3 K. A 5% degradation has been assumed.
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Fig. 10. Plots of maximum energy in the MPZ and position of maximum
verses operating current. A 5% degradation has been assumed.

35

orjey Joljonpuoossadng-oi1—Jaddon



Temperature Excursion in K

Temperature Excursion in K

30 [lllIllllillllIllllIll'lillIIII'llllll

Bath Temp = 4.2 K

Therm Cond = 350 w/mK

2.5 }- RER = 100 5.0 kamp
No Surface Cooling

T 1 7T

T T

a®
00 1 1 1 | 1 1,1 E It 1 1 I I 17y 4 l | S I J I - 1 11 1 ) I 1 11
0.2 0.3 0.4 0.5 06 0.7 0.8 c.9 1
Fraction of Superconductor in a Strand
30 T T T 7 l LI I T 7 777 I LI l T 1T 717 l LI B B | ' T T T 71 l T T T 1
I~ Bath Temp = 4.3 K 1
| Therm Cond = 360 w/mK ]
o5 L RER = 100 —
- No Surface Cooling 5.0 kamp -3
20 — —
15 —
1.0 — .
0.5 —
0 0 B | I | i) 1 l I 14 1 i 1l 1 i I T I | l | I | ! | .| [ I I | ]
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Fraction of Superconductor in a Strand
ll,lllllllllllllllllrrl.l Ll I 11 i I ' L h 1 L l 1 1 1 1 I
4.0 3.0 20 15 1.0 0.5 0

Copper—to-Superconductor Ratio

Fig. 11. Temperature excursion in the MPZ with bath temperature
(a) 4.2 K and (b) 4.3 K. A 5% degradation has been assumed.
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Fig. 12. Half length of the MPZ up to where the temperature equals bath
temperature. A 5% degradation has been assumed.
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Fig. 13. Energy stored in the MPZ per unit length. A 5% degradation
has been assumed.
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Fig. 14. Variation of MPZ’s energy with RRR of copper. A 5% degrada-
tion has been assumed,
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Fig. 15. Variation of MPZ’s energy with thermal conductivity of copper.
A 5% degradation has been assumed. '
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Fig. 16. The effect of surface cooling with a 5% degradation assumed.
The perimeter-to-area ratio has been taken as that for a cylinder, or
P/A = 2/a, where a is the radius of one strand. The curves for different
values of P/A can be obtained by scaling h. It is possible that P/A ~ 2/7ra
if the whole cable is considered. If only the narrow edges of the cable are
cooled, P/A ~ 8/5ma, where § = 23 is the number of strands in the cable.
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ament.

42



= o o
~ (<] o
T T T

NORMALIZED GENERATION G/G,

=
r
T

L | il 1 L i
0.4 -0.2 0 0.2 0.4 06 08 10 1.2
NORMALIZED TEMPERATURE RISE (Brn-By)/(Bc-8g)

Fig. 18. Generation in a composite strand containing superconductor in
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